Introduction
Material production processes are requested to be friendly with environment for keeping a sustainable growth of industry. Thus, the reduction in energy consumption and in the amount of waste materials generated in processes is essential issue, especially in iron and steel industry, in which much coal is used and a large amount of slag is generated. On the other hand, the ratio of fine particles of iron ore and industrial by-product is increasing, 1, 2) so that an agglomeration of such fine materials is an indispensable technology for manufacturing good burdens 3) in iron-making process, but some additional energy is also required for it.
In the current blast furnace process, the amount of sintered ore has been increased because of maintaining the operating conditions and of increasing its productivity. 4.5) It has known that the formation and the flow of liquid slag play very important role to assist the agglomeration in the sintering process of fine ores for controlling the strength and the reducibility of sintered ore. 6) It is therefore important to clarify the role of the formation and the flow of liquid slag during the sintering process, and then to decrease the sintering temperature by the formation of liquid slag with low melting point.
In this study, the effects of adding SiO 2 or Al 2 O 3 on the wetting and penetration characteristics of calcium ferrite melts, 26CaO-74Fe 2 O 3 mass% (CF) and 15CaO-85Fe 2 O 3 mass% (CF 2 ), on hematite substrate were examined by a sessile drop method. The effects of the adding of calcium ferrite slag with SiO 2 or Al 2 O 3 and the sintering temperature on the strength of sintered pellets were also examined.
Experimental Procedures

Wetting Experiments
The chemical compositions of the samples used in the wetting experiments are listed in Table 1 2 ) , to sintered hematite substrate have been examined. And the wetting and penetration characteristics were discussed from the viewpoints of the relation to the viscosity and surface tension of calcium ferrite melts. The effects of the addition of calcium ferrite slag with SiO 2 or Al 2 O 3 on the strength of sintered hematite pellets were also examined.
The slag tablets of CF 2 -based slag neither melt completely nor spread uniformly on the hematite substrate at the experimental temperature at 1 300°C in this study. The wettability of CF-based slag melts on sintered hematite substrate was improved by the addition of SiO 2 or Al 2 O 3 , and the spreading rate was increased with increasing the value of h/g (viscosity/surface tension of slag melts). The penetration of CFbased slag melts into sintered hematite substrate was depressed by the addition of SiO 2 or Al 2 O 3 , and the penetration depth was increased with increasing the value of h/g surface tension/ viscosity of slag melts). The sintered hematite pellet with CF-5 mass%Al 2 O 3 slag sintered at 1 200°C had the highest compressive strength in this study. Because the liquidus temperature of CF slag is decreased to about 1 200°C by adding 5 mass% Al 2 O 3 , and the sufficient amount of liquid phase, which has the appropriate wetting and penetrating characteristics controlled by the surface tension and the viscosity, as a binder was formed.
KEY WORDS: calcium ferrite melts; wetting and penetrating; viscosity; surface tension; pellet; compressive strength. Table 1 . Chemical composition (mass%) and particle size. composed of synthesized slag, which were formed by pre-melting a mixture of chemical reagents at desired ratios. The hematite substrates (f23ϫ3 mm) were prepared by pressing powder reagent, shown in Table 1 , and then sintered them at 1 300°C for 3 h. A slag tablet (0.2 g; f6 mm) was placed on a hematite substrate as shown in Fig. 1 . After the slag tablet was preheated at 1 000°C, the sample was inserted into the temperature region at 1 300°C. The shape of the slag droplet was photographed by CCD camera for 10 min during the annealing process. After the wetting experiments, samples with solidified droplets were dissected perpendicular to the interface, and polished with 1 mm diamond paste. The cross sections of these samples were examined using scanning electron microscopy (SEM) and electron probe micro analyzer (EPMA).
Measurements of Compressive Strength
The slag, CF, CF 2 , CF with SiO 2 or Al 2 O 3 , CF 2 with SiO 2 or Al 2 O 3 (additive content of SiO 2 or Al 2 O 3 ; 5 and 10 mass%), and hematite powder were mixed together with water about 10% and hand-rolled into a pellet of 20 mm in diameter. After being dried at the temperature of 100°C for 24 h, they were sintered at the temperature of 1 200°C or 1 300°C for 30 min, and thereafter the compressive strength of each pellet was measured. The cross sections of each pellet were examined using SEM and EPMA.
Results and Discussion
Wetting and Penetration Behavior of Slag to
Hematite Substrate The melting behavior of CF-5mass%Al 2 O 3 and CF 2 -5mass%Al 2 O 3 slag tablets on a hematite substrate at 1300°C are shown in Fig. 2 . The slag tablet of CF5mass%Al 2 O 3 melted, and then spread uniformly on the hematite substrate as shown in Fig. 2(a) . On the other hand, the slag tablet of CF 2 -5mass%Al 2 O 3 did not melt as shown in Fig. 2(b) . The apparent contact angle and the width of the slag droplets or tablets were measured from those photographs as shown in Fig. 2 .
The times change of the apparent contact angle and the width of the slag droplets or tablets are shown in Figs. 3  and 4 . CF-based slag examined in this study melted completely, and then wetted and spread uniformly on the hematite substrate. As shown in Figs. 3 and 4 . the apparent contact angle decreased and the width of the slag droplets increased rapidly after melting and then reached the constant values. On the other hand, CF 2 -5mass%Al 2 O 3 slag tablets did not melt, and the apparent contact angle and the width did not change. CF 2 -5mass%SiO 2 slag tablets partly melted, however did not spread completely as shown in Figs. 3 and 4 . The similar melting behavior was observed in all CF 2 -based slag examined in this study; because of the liquidus temperatures of CF 2 -based slag are higher than 1 300°C.
Typical SEM image and mapping analysis of Ca by EPMA of the interface region and the penetration layer between CF 2 -5mass%Al 2 O 3 slag and the hematite substrate are shown in Fig. 5 as an example. The reaction layer existed near the interface and the slag penetrated into the substrate along the grain boundaries as shown in Fig. 5 . The penetration depth of the slag into a hematite substrate was measured from the results of mapping analysis obtained by EPMA including the reaction layer as shown in Fig. 5 .
Effect of Physical Properties of Slag on
Wetting and Penetration T. P. Yin 7) indicated by the theoretical formulism that the spreading rate of spherical droplets onto rigid, horizontal substrates correlates with the viscosity and volume of melts and inversely with the surface tension. S. Hara 8) reported that the time required for the contact angle of the slag droplets on alumina substrate to be 60°(namely; the spreading rate) was proportional to the value of h/g (viscosity/surface tension of slag melts). On the other hand, the penetration depth of melts into substrate correlates with the surface tension of melts and inversely with the viscosity 9) . K. Morinaga et al. 10) reported that the square value of the penetration depth of glass melts including the reaction layer to alumina substrate was proportional to the value of g/h (surface tension/viscosity of glass melts).
In this study, the slag tablet of CF 2 -based slags neither melt completely nor spread uniformly on the hematite substrate. Therefore, the spreading rate and penetration depth for CF-based slags were only discussed from the viewpoints of the relation to the viscosity and the surface tension of melts. The values of the viscosity and the surface tension of CF-based slags were obtained by extrapolating the temperature dependence of the viscosity and of the surface tension measured previously 11) to the temperature of 1 300°C.
The relationship between the spreading rates, namely the time required for the contact angle of the slag droplets on hematite substrates to be 5°, and the value of h/g is shown in Fig. 6 . The spreading rate was inversely proportional to the value of h/g and increased with increasing the value of h/g by adding SiO 2 or Al 2 O 3 as shown in Fig. 6 . This result indicated that the penetration of slag into hematite substrate proceeded simultaneously during the spreading process of the slag. The relationship between the square values of the penetration depth of slag melts including the reaction layer to hematite substrates and the value of g/h is shown in Fig. 7 . As shown in Fig. 7 , the penetration depth was proportional to the value of g/h and decreased with decreasing the value of g/h by adding SiO 2 or Al 2 O 3 as shown in Fig. 7 .
It is understood from these results that the spreading rates and penetration depth are controlled by surface tension and viscosity, namely the spreading was accelerated and penetration depth depressed by the addition of SiO 2 or Al 2 O 3 .
Compressive Strength of Sintered Pellet
The effects of adding SiO 2 or Al 2 O 3 and of sintering temperature on the compressive strength of pellets are summarized in Figs. 8 and 9 . And SEM photographs and mapping analysis of Ca at the cross sections of each pellet with CF-5mass%Al 2 O 3 and CF 2 -5mass%Al 2 O 3 are shown in In the case of CF-based slag, the strength of pellets with the addition of SiO 2 sintered at 1 200°C or 1 300°C was early constant or decreased with increasing the content of SiO 2 . On the other hand, the strength of pellet with CF-5mass%Al 2 O 3 sintered at 1 200°C was considerably increased and then decreased by the addition of 10 mass% Al 2 O 3 . The strength of pellet with CF-5mass%Al 2 O 3 sintered at 1 200°C was higher than that sintered at 1 300°C. The distribution of Ca is spread uniformly between hematite particles, which can be seen from the mapping of Fig. 10(a) . These results indicated that the sufficient amount of liquid phase as a binder was formed; because of the liquidus temperatures of CF slag is decreased to about 1 200°C by adding 5 mass% Al 2 O 3 .
12)
In the case of CF 2 -based slag, the strength of pellet with the addition of Al 2 O 3 or SiO 2 sintered at 1 200°C or 1 300°C was decreased with increasing the content of Al 2 O 3 or SiO 2 . CF 2 -5mass%Al 2 O 3 slag did not melt or partly melted mentioned before, and Ca is dispersed partially as shown in Fig. 10(b) . These results indicated that, in the case of CF 2 -based slag, the sufficient amount of liquid phase as a binder was not formed; because of the liquidus temperatures of CF 2 -based slag are higher than about 1 300°C.
The sintered hematite pellet with CF-5mass%Al 2 O 3 slag sintered at 1 200°C had the highest compressive strength in this study.
Conclusions
Effects of adding SiO 2 or Al 2 O 3 as additives on the wetting characteristics of calcium ferrite melts to sintered hematite substrate have been examined. And the wetting characteristics were discussed by the relationship between the viscosity of calcium ferrite melts and the surface tension of that. The effects of the addition of calcium ferrite slag with SiO 2 or Al 2 O 3 on the strength of sintered hematite pellets were also examined. The results obtained as follows:
(1) The slag tablets of CF 2 -based slag neither melt completely nor spread uniformly on the hematite substrate at the experimental temperature at 1 300°C in this study.
(2) The wettability of CF-based slag melts on sintered hematite substrate was improved by the addition of SiO 2 or Al 2 O 3 , and the spreading rate was increased with increasing the value of h/g (viscosity/surface tension).
(3) The penetration of CF-based slag melts into sintered hematite substrate was depressed by the addition of SiO 2 or Al 2 O 3 , and the penetration depth was increased with increasing the value of g/h (surface tension/viscosity).
(4) The sintered hematite pellet with CF-5mass%-Al 2 O 3 slag sintered at 1 200°C had the highest compressive strength in this study. Because the liquidus temperature of CF slag is decreased to about 1 200°C by adding 5 mass% Al 2 O 3 , and the sufficient amount of liquid phase, which has the appropriate wetting and penetration characteristics controlled by the surface tension and the viscosity, as a binder was formed. 
